The circadian clock coordinates an organism's growth, development and physiology with 15 environmental factors. One illuminating example is the rhythmic growth of hypocotyls and 16 cotyledons in Arabidopsis thaliana. Such daily oscillations in leaf position are often referred to as 17 sleep movements or nyctinasty. Here, we report that plantlets of the liverwort Marchantia 18 polymorpha show analogous rhythmic movements of thallus lobes, and that the circadian clock 19 controls this rhythm, with auxin a likely meditator. The mechanisms of this circadian clock are 20 partly conserved as compared to angiosperms, with homologs to the core clock genes PRR, RVE 21 and TOC1 forming a core transcriptional feedback loop also in M. polymorpha. 22 23 24 25 26
INTRODUCTION 27
Rhythmic movements of plant organs were documented already several centuries BC, but the 28 first known experiments searching for the origin of such rhythms were conducted by the French 29 astronomer de Mairan. Working with a sensitive plant (likely Mimosa pudica), he could show 30 that leaves moving in day/night conditions continued to move in constant darkness. During the 31 following centuries, experiments with what Linnaeus later termed "sleep movements" resulted in 32 both the concept of the circadian clock and that of osmotic motors [1, 2] . These so called 33 nyctinastic movements often occur in non-growing tissue and are reversible as in several 34 legumes. The reversible movements involve osmotic motors in the pulvinus organ [3] , but 35 rhythmic leaf movements can also be growth associated and thus non-reversible. Such rhythms 36 are evident in the movement of leaves in tobacco and cotyledons in Arabidopsis thaliana [4, 5] . 37
The irreversibility of this process is probably due to deposition of new cell wall material and 38 decreased wall extensibility, but tissue expansion likely results from mechanisms in common 39 with those in pulvinus tissue [6] . 40
Since the introduction of the concept of a circadian or endogenous biological clock great 41 progress has been achieved in understanding the mechanisms behind such internal rhythms. In 42 plants most of this work has been performed in the flowering plant Arabidopsis [7] . A working 43 model of the plant circadian clock comprises a self-sustaining oscillator with an approximately 44 24-hour rhythm resulting mainly from transcriptional and translational feedback loops [8] . In 45 short, the main components in such models are a set of single MYB domain transcription factors, 46 a family of PSEUDO-RESPONSE REGULATORs (PRRs), and a few plant specific genes with 47 unknown biochemical function. The early morning phased genes CIRCADIAN CLOCK-48 ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) encode two MYB-like 49 transcription factors that function mainly as repressors of day-and evening-phased genes 50 [9, 10, 11, 12, 13] . A second sub-family of related MYB-like transcription factors including 51 REVEILLE4 (RVE4), RVE6 and RVE8 has an opposite function, enhancing clock pace through 52 the activation of several core clock genes [14, 15] . 53
The family of PRR genes comprise five members in Arabidopsis: PRR1, PRR3, PRR5, 54 PRR7 and PRR9. PRR1 is also known as TIMING OF CAB EXPRESSION 1 (TOC1) that together 55
with CCA1 constituted the first conceptual model of the Arabidopsis clock [16] . The expression 56 of PRR genes ranges from morning to evening, with PRR9 peaking in the morning, PRR5 and 57 PRR7 around noon, and PRR3 and TOC1 around dusk [17] . PRR proteins are in recent models 58 incorporated as transcriptional repressors of CCA1/LHY and other PRR genes [12] . An additional 59 crucial component of the circadian clock in Arabidopsis is the so-called evening complex (EC), 60 that consists of three proteins: EARLY FLOWERING 3 (ELF3), ELF4, and LUX 61 ARRHYTHMO (LUX) [18, 19, 20] . 62
When searching for rhythmic growth patterns in the liverwort M. polymorpha we 63 discovered that gemmalings (asexually produced plantlets) displayed rhythmic thallus movement. 64
To identify the nature of this movement and the potential involvement of a circadian clock, we 65 studied the function of putative circadian clock genes and their role in controlling the rhythmic 66 movement via the plant hormone auxin. 67
68

RESULTS
69
The M. polymorpha circadian clock controls nyctinastic thallus movements 70
In Arabidopsis, growth rates of both hypocotyls and leaves are rhythmic and under the control of 71 a circadian clock [21, 22] . In our attempts to detect and measure similar rhythmic growth patterns 72 in liverworts, we noticed that young M. polymorpha gemmalings display nyctinastic movements 73 as the lobes of young thalli waves up and down with a 24 h rhythm in conditions of 12 h light and 74 12 h darkness (neutral days (ND); Figure 1A , B; Supplementary Movie S1). Furthermore, in 75 gemmalings of different accessions these rhythmic movements are maintained in LL (continuous 76 light) conditions with an approximate period of 26.1 -26.5 h for several days, supporting that 77 they are controlled by a circadian clock ( Figure 1C , D, E). One key characteristic of circadian 78 rhythms is temperature compensation, i.e., that the free-running period does not change much 79 with ambient temperature. We thus estimated the free-running period of nyctinastic thallus 80 movement at different temperatures. Consistent with circadian regulation, we found no 81 significant difference in period for temperatures ranging from 18 to 24 °C ( Figure 1C ). 82 MpTOC1 that we identified as part of core feedback loops in the M. polymorpha circadian clock 123
[23] ( Figure 2 ). In Mpprr ko and Mptoc1 ko mutants the rhythm is completely lost in LL ( Figure  124 1D, E). These results strongly support that the circadian clock controls "gemmaling waving", and 125 that estimates of this movement can be used to monitor the M. polymorpha circadian clock. 126 127
The circadian clock regulates expression of the auxin biosynthesis gene MpTAA 128
Most likely, the rhythmic movement is growth related and similar to cotyledon movement in 129
Arabidopsis, suggesting a role for rhythmic auxin production, transport or signaling in its control. 
